We tailor anodized alumina with pores with well-defined, simple geometries, in order to study the effects of constrictions in hysteretical capillary condensation, independently from other cooperative processes such as network effects. We confirm, by direct observation using optical interferometry, the occurrence of two cooperative phenomena: the classical pore blocking effect in nearly ideal "inkbottle" pores and the advanced adsorption in pores with a change in the cross section. They are relevant for the development of a theory of the poorly understood hysteresis in complex porous materials. nanotemplates, 3 …͒ and in fundamental studies, e.g., phase transitions in confined geometries. 4 In particular, capillary condensation in nanopores has been studied in a wide variety of materials, comprised mostly of disordered/interconnected porous materials such as compacted powder, oxide xerogels or Vycor glass, 5 but direct comparison with theoretical work has been difficult due to the lack of ideal geometries in the pores. 6, 7 Hysteresis in capillary condensation is a phenomenon that is still poorly understood, and is thus still an open issue. 8, 9 The classical pore blocking effect in inkbottle-type pores 5 has usually been employed to describe type H2 hysteresis loops in disordered/interconnected porous materials.
nanotemplates, 3 …͒ and in fundamental studies, e.g., phase transitions in confined geometries. 4 In particular, capillary condensation in nanopores has been studied in a wide variety of materials, comprised mostly of disordered/interconnected porous materials such as compacted powder, oxide xerogels or Vycor glass, 5 but direct comparison with theoretical work has been difficult due to the lack of ideal geometries in the pores. 6, 7 Hysteresis in capillary condensation is a phenomenon that is still poorly understood, and is thus still an open issue. 8, 9 The classical pore blocking effect in inkbottle-type pores 5 has usually been employed to describe type H2 hysteresis loops in disordered/interconnected porous materials. 10, 11 Recent simulation [12] [13] [14] [15] and theoretical 15, 16 works in single pores with constrictions predict either pore blocking ͑the liquid can only evaporate when the constriction, which isolates the pore from the gas reservoir, empties͒ or cavitation ͑the liquid in the pore reaches its limit of stability while the constriction is still full and evaporation occurs via nucleation of a gas bubble͒ effects, depending on pore geometry and temperature. Experimental pore blocking and/or cavitation effects have been indirectly observed in ordered cagelike pore structures of SBA-16 ͑Refs. 17 and 18͒ and FDU-1 ͑Ref. 17͒ silicas. These porous silicas have been considered the best available models for inkbottle pore systems, although the pores are interconnected 19 ͑and therefore network effects can also occur͒, and they may present intrawall pores ͑diameters Ͻ2 nm͒ as well as difficult synthesis reproducibility. 19, 20 Tailored inkbottle pores in silicon have also been used, but no pore blocking was observed. 21 Another effect, advanced adsorption ͑the meniscus-liquidvapor interface-created in a narrow pore section full of liquid propagates into a contiguous wider section͒ has also been used to explain adsorption in interconnected 22 or undulating 23 pores, although it has only been observed indirectly. 23 Recently, capillary condensation has been observed in anodized nanoporous alumina, 9,24 a suitable material which can be tailored by controlling anodization parameters. 3, 25 In this letter, we present alumina nanopores tailored with simple geometries. With optical interferometry, one can independently monitor adsorption and desorption in every part of the pore, and thus directly observe the occurrence of pore blocking and advanced adsorption effects. These cooperative effects are important for the development of a theory for hysteresis in complex porous systems. 26 Nanoporous alumina double-layer samples were prepared by depositing a thick aluminum film ͑6-12 m͒ by e-beam evaporation on a n-Si substrate. 3 The periodicity of the pore arrays and the pore diameters were controlled by choice of both the electrolyte and anodization voltages. The top layer was obtained by a two-step anodization, 25 using 40 V and 0.3M oxalic acid for one sample ͑"funnel"͒ and 15 V and 2.6M sulfuric acid for the other ͑"inkbottle"͒. Subsequent acid etching for 55 min was used in the former sample to remove the barrier layer at the bottom of the pores 3 so as to be able to anodize a second layer. We note that this process also widens the pores without affecting the periodicity. No etching was used in the inkbottle sample. The bottom layer was obtained by a one-step anodization using 19 V and 2.6M sulfuric acid for the funnel sample and 40 V and 0.3M oxalic acid for the inkbottle sample. Finally, acid etching for 5 min was performed in both samples. The pore geometry was determined from scanning electron microscopy ͑SEM͒ images ͑Fig. 1͒. Cross-sectional images show that the funnel sample presents a large cylindrical pore section ͑64± 10 nm of diameter͒ at the top layer and a smaller one ͑15± 3 nm͒ at the bottom, whereas the inkbottle sample presents a small cylindrical pore section ͑14± 3 nm͒ at the top layer and a larger one ͑27± 3 nm͒ at the bottom. The pores are thus funnel or inkbottle shaped and without interconnections.
Reflectance spectra were obtained using a white light source and a spectrometer, based on a linear charge coupled device array, in a 90°backscattering configuration, as previously described. 24 The spectra display a complex series of fringes ͓Fig. 2͑a͔͒ which results from interference of the light beams reflected at the three interfaces of the porous alumina double layer ͓beams a, b, and c in the inset of Fig. 2͑b͔͒ . Since the pore diameters are much smaller than the light wavelength , each porous layer acts as a single medium with an average refractive index n. For a single layer, the fringe maxima are described by the relationship m =2nL, where m is an integer and L is the thickness of the layer. The term 2nL is the effective optical thickness of the layer. Fill- ing the pores with an analyte results in a change of n, thus shifting the fringes. The value of 2nL can be obtained directly as the position of the peak in the fast Fourier transform ͑FFT͒ of the reflectance spectrum, which can be resolved down to ϳ1 nm. If the film has a double layer, as in our case, the FFT yields values of 2nL for each layer as distinct peaks 1 ͓see Fig. 2͑b͔͒ . The sum of the values of 2nL for layers 1 and 2 is predicted to be equal to the value for layer 3 ͑Ref. 1͒.
Gas dosing was performed in a Teflon cell fitted with a glass window. Saturated vapor analyte was generated by bubbling pure N 2 through the liquid analyte at 25°C and then diluted by mixing the effluent with pure N 2 using a computer-controlled gas dosing system. Relative vapor pressures, P / P s , where P s is the saturation vapor pressure, were calculated using the dilution ratio of the gas dosing system. All samples were dosed with hexane, isopropanol, and toluene. The three values of 2nL were simultaneously monitored while P / P s was increased and subsequently decreased stepwise. For each step, the change in 2nL ͓⌬͑2nL͔͒ with respect to the baseline obtained in pure N 2 , i.e., with empty pores, was plotted as a function of P / P s . Since ⌬͑2nL͒ is uniquely related to the volume of analyte adsorbed into the pores, this directly provides the adsorption-desorption isotherms. 5 Every isotherm was repeated up to seven times to check reproducibility. Therefore, with this interferometric technique, we can monitor independently the adsorption process of every part of the pore.
The isotherms exhibited by each sample show a complex shape, the same for all three analytes ͑see solid circles in Fig.  3 for hexane͒. These are very different from those obtained in simple alumina nanopores, 24 which are type IV and display a single type H1 hysteresis loop. 11 However, if one looks at the adsorption-desorption isotherms for each part of the pore, the entire process can be easily understood. In general, the capillary behavior can be described by the Kelvin equation, 5 which for cylindrical pores with a hemispherical meniscus takes the form
where r m is the radius of the meniscus, R is the ideal gas constant, and V L and ␥ are the molar volume and surface tension of the liquid at temperature T. According to theoretical approaches, 6,7 Eq. ͑1͒ is valid for pore diameters տ7.5-10 nm, and has been experimentally verified in cylindrical pores with diameters տ10 nm. In the funnel sample ͓Fig. 3͑a͒ for hexane͔, capillary condensation ͑steep increase in the isotherm slope͒ occurs first at the bottom layer ͑smaller pore diameter͒ upon adsorption. At higher P / P S , a second condensation takes place, now at the top layer ͑larger pore diameter͒. On desorption, evaporation occurs first at the top layer, without hysteresis. At lower P / P S , evaporation at the smaller pores occurs, in this case with hysteresis. Note that the sum of the isotherms for the top and the bottom layers is equal to the isotherm for the full layer, as expected. According to these results, adsorption in the small pores, i.e., at the bottom layer, proceeds as if corresponding to a single pore: condensation occurs by nucleation in metastable states, but evaporation occurs at the true equilibrium transition because once the meniscus is formed after condensation, it can retreat on desorption. 6, 21, 24 In the latter case, we can apply Eq. ͑1͒, which gives us a pore diameter of 12 nm, in agreement with SEM images. However, condensation and evaporation in the larger pores at the top layer both occur at the equilibrium P / P S , since this value corresponds to a pore diameter of 59 nm when using Eq. ͑1͒, in agreement with SEM images. This fact shows that the menisci, formed at the bottom layer after the condensation of the small pores, advance into the larger pores when P / P S is increased up to the equilibrium value of the large pores, thus avoiding the metastable nucleation from the pore walls as observed for single pores. This long-predicted phenomenon, advanced adsorption, 22, 23 has never been observed directly before.
In the inkbottle sample ͓Fig. 3͑b͒ for hexane͔, capillary condensation also occurs first within the smaller pores on adsorption, in this case at the top layer. At higher P / P S , the second condensation at the larger pores ͑bottom layer͒ occurs. On desorption, however, evaporation takes place at both layers almost at the same pressure, giving rise to hysteresis in both layers. The sum of the isotherms for the top and the bottom layers is again equal to the isotherm for the full layer. According to these results, condensation at the smaller pores at the top takes place from a metastable state. At higher P / P S , when the equilibrium transition for the larger pores at the bottom is reached, the menisci at the lower part of the small pores propagate into the large pores by diffusion of the fluid from the external gas reservoir, 12, 18, 22 avoiding the metastable nucleation ͑i.e., advanced adsorption takes place again͒. Equation ͑1͒ yields a pore diameter of 27 nm for the large pores, in agreement with SEM images. A detailed examination at the pressures for all isotherms ͑dif-ferent runs and analytes͒ shows that evaporation occurs first at the small pores and, after it empties, the large pores start evaporating. P / P S values correspond to a pore diameter of 13 nm ͓Eq. ͑1͔͒, demonstrating that equilibrium evaporation at the small pores controls evaporation from the large pores. Indeed, we are directly observing the classical pore blocking effect in inkbottle-type pores. This is in contrast with results in tailored porous silicon, 21 where the nonuniformity of the pores and not the inkbottle geometry controls capillary hysteresis. A better pore geometry ͑independent, cylindrical pores with narrow diameter distribution and regular section͒ in alumina 24 can explain this difference. To conclude, anodized alumina can be tailored with independent pores with simple ͑inkbottle and funnel͒ geometries in order to study the effect of pore morphology in capillary condensation, independently from network effects. We confirm, by using optical interferometry, the occurrence of two cooperative phenomena: the classical pore blocking effect in nearly ideal inkbottle pores and advanced adsorption in pores with a change in the cross section, both of which have been predicted in theoretical and simulation works, but not directly observed experimentally before. This will help in the development of a theory of the poorly understood hysteresis in disordered/interconnected porous materials.
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